ABSTRACT: The development of intensity-modulated radiotherapy (IMRT) has played a major role in improving outcomes and decreasing morbidity in patients with head and neck cancer. This review addresses this vital modality with a focus on the important role of the head and neck surgeon. The technique as well as its benefits and points of caution are outlined, the definitions of tumor and treatment volumes are discussed, and the dose and fractionation are detailed. Following this are several sections dedicated to the role of the head and neck surgeon in the planning of both definitive and postoperative radiotherapy to the primary site and neck. There is a focus throughout on anatomic and surgical considerations; commonly encountered situations are illustrated. With a deeper understanding of this technique and their own pivotal contribution to target delineation, head and neck surgeons will be poised to expand their role and improve cancer care for their patients.
INTRODUCTION
Intensity-modulated radiotherapy (IMRT) is a focused type of 3D conformal radiotherapy. IMRT has the ability to precisely deliver a very high dose to the tumor and at the same time minimize the amount of radiation received by the tumor's surrounding normal tissues, thereby increasing the therapeutic ratio. 1 Although this factor allows for the intensification of the radiation dose to the tumor, it introduces the risk of undertreating any unappreciated tumor extension outside of the targeted volume, a phenomenon known as marginal miss. [2] [3] [4] Marginal misses may result in unforgivable tumor recurrences. This can be devastating, as surgical salvage may not be possible. Therefore, with IMRT, target definition is a critical step to ensure successful results. IMRT in the head and neck can be a complex endeavor, even for the most experienced radiation oncologist, and is an area in which head and neck surgeons can make valuable contributions to achieve cancer cure. Indeed, although accurate treatment planning software and a state of the art delivery system are essential in implementing IMRT for head and neck cancer, input from a multidisciplinary team made up of the radiation oncologist, medical physicist, medical dosimetrist, radiation therapist, radiologist, pathologist, and head and neck surgeon is also crucial. 5 Head and neck surgeons involved in cancer treatment must therefore have some basic understanding of this new technology. Head and neck surgeons should be involved with the radiation oncologist in defining the tumor target volume in both definitive radiotherapy cases as well as in the postoperative setting, so that tumor recurrence secondary to inaccurate target delineation does not occur. Moreover, as we will discuss below, head and neck surgeons' decisions during the surgery itself may fundamentally change the postoperative radiation planning.
Throughout this article we will review the current method of IMRT planning in the head and neck, paying special attention to the role of the head and neck surgeon during this procedure and highlighting the importance of a multidisciplinary case-by-case approach.
Intensity-modulated radiotherapy: definition, benefits, risks, and opportunities IMRT is a high precision conformal radiotherapy technique in which multiple beams, each with a nonuniform intensity profile, create dose distributions that can exquisitely conform to convex and concave structures alike (see Figures 1-3) . 6, 7 The radiation oncologist delineates the target and normal structures on treatment planning CT scans using specialized software. Computerized algorithms then determine the optimal radiation beam parameters (shape and intensity profiles, number of beams, incident directions, etc.) that are needed to meet the prescribed normal tissue tolerances while delivering the full dose to the target volumes. Multileaf collimators, which are devices made up of individual, independently moving metallic "leaves," allow for the delivery of intensitymodulated fields by blocking the radiation beams, thereby permitting delivery of the calculated, nonhomogenous dose. This sophisticated approach, at the core of which is the idea of inverse treatment planning (ie, delineating structures first, and calculating dose profiles using these *Corresponding author: N. Y. Lee, Memorial Sloan Kettering Cancer Center, 1275 York Avenue, New York, NY 10065. E-mail: leen2@mskcc.org structures second), is essential in head and neck radiotherapy and differs markedly from the historical method of forward planning, in which beam angles are chosen a priori and are then adjusted to meet target and tissue dose constraints.
All of the above factors allow IMRT to achieve sharp dose gradients near the targeted volumes, decreasing the volume of healthy tissue irradiated to high and moderate radiation dose levels. The major salivary glands, the mucosa of the pharynx or of the oral cavity, the larynx, the constrictor muscles, the mandible, and the inner and middle ears, are examples of structures that can be partially spared when clinically feasible because of the dose conformality afforded by IMRT. [8] [9] [10] [11] Including these anatomic structures in the low-dose regions results in reductions in acute and, more significantly, late toxicity, such as xerostomia and dysphagia. With the increasing use of more toxic chemoradiotherapy regimens, 12,13 the reduction in toxicity that can be achieved with IMRT by sparing functionally relevant tissues from high and moderate radiation doses becomes even more important. IMRT not only reduces treatment related morbidity; it also has the promising capability of potentially improving locoregional control through radiation dose intensification to the primary tumor ("dose escalation"). 14, 15 There is, however, a potentially dangerous consequence of the highly conformal dose distributions of IMRT: a higher sensitivity to improper target delineation. This can lead to underdosing of regions that could be covered by a conventional field or overdosing of normal structures not considered during the planning procedure. Put another way, on one hand, IMRT may increase the risk of undertreating any unappreciated macroscopic or microscopic tumor extension, leading to a higher risk of recurrence, whereas on the other hand unnecessarily high radiation doses to normal tissues can be associated with considerable and potentially avoidable toxicity (ie, acute mucosal and cutaneous reactions, trismus, neck fibrosis and spasm, osteoradionecrosis, etc.). 16, 17 Another less commonly discussed drawback of IMRT is a slightly elevated scattered dose to the rest of the body when compared with that occurring in earlier treatment modalities, raising concerns for a possible increased risk of radiation-induced malignancy (around 1.75%) in patients surviving >10 years after treatment. 18, 19 However, in head and neck tumors, this increased risk is controversial and remains under investigation. 20 Moreover, it has not yet been specifically evaluated in nonsmokers treated for head and neck cancers. Future studies will likely investigate this effect on the increasing and ever younger human papillomaviruspositive patient population. IMRT must be used carefully, and proper delineation of the target is crucial to the technique's success.
Recently, image-guided IMRT or simply image-guided radiotherapy (IGRT) has become a complement to IMRT to ensure the safe delivery of a highly conformal treatment through the facilitation of convenient and frequent imaging of patient anatomy throughout the treatment course. 21 These sophisticated imaging strategies help to avoid treatment setup errors secondary to internal soft tissue motion and deformation occurring because of breathing, weight loss, tissue involution, etc. Furthermore, the increasing precision and conformality afforded by IMRT coupled with the imaging capabilities of IGRT creates the entirely new possibility of replanning. 22 More specifically, during the 6 to 7 week treatment course, the tumor volume and patient anatomy may visibly change and this can in turn modify doses to both the targets and to the organs at risk. Such patients may benefit from an adaptation of IMRT treatment plans. This replanning procedure is called adaptive radiotherapy. 23, 24 Despite the latest advances in patient positioning and dose delivery, IMRT and IGRT remain therapeutic techniques whose results are highly dependent on the managing team, underscoring the importance of a multidisciplinary approach to radiation treatment planning.
Definition of gross tumor volume, clinical target volume, and planning target volume
The gross tumor volume (GTV) comprises the macroscopic primary tumor and the grossly involved neck nodes, and it contains the highest tumor cell density. Delineation of the GTV must take into account radiological and clinical findings. A CT scan is the main source of information used in defining the GTV for most head and neck sites. In some anatomic locations, such as the tongue, the skull base, the nasopharynx, or the paranasal sinuses, an MRI may aid in defining the boundaries of the macroscopic tumor volume. 25 Positron emission tomography provides functional information that may complement the anatomic delineation of CT and MRI, especially in difficult cases, such as tumor recurrences. 26 The clinical target volume (CTV) encompasses the tissues suspicious for microscopic tumor invasion. In the head and neck, an area with a high density of lymphatics and complex anatomy, there is a high risk of subclinical local and nodal disease. Therefore, adequate delineation of the CTV is crucial for locoregional control and survival. The patterns of tumor spread are based classically on histological examination of postmortem and surgical specimens [27] [28] [29] [30] and, more recently, on models of cancer progression based on the cancerization field concept and the cancer stem cell network hypothesis. 31, 32 Therefore, rather than using a simple and uniform expansion of the GTV, the precise definition of the CTV in IMRT requires careful consideration of the above factors.
To ensure a homogeneous dose to the GTV and the CTV during a fractionated course of radiation, margins must be added to account for both systematic and random setup errors (patient movement, internal organ motion, deformation and change, mechanical uncertainties, etc.). Usually a 3 to 5-mm margin is routinely added to generate the planning target volume (PTV) from the GTV and the CTV to account for this daily setup variability. 21 Because of its mobility, the larynx may require a 5 to 10-mm margin. 33 As we have mentioned, utilizing advanced IGRT increases the precision and decreases the uncertainty of treatment. This allows the PTVs to be reduced, lowering the doses administered to adjacent normal tissues and, hence, the treatment sequelae.
Dose and fractionation
Radiotherapy regimens vary internationally. Fractions of 2.0 Gy or less delivered 5 days a week are the usual standard of care. However, there are alternative fractionation schedules: hypofractionation, accelerated fractionation, and hyperfractionation. 34, 35 Regardless of the fractionation schedule, the GTV, high-risk CTV (the CTV around the GTV and the first echelon nodes), and lowrisk CTV (and their respective PTVs) receive different doses. The target volumes can be denoted by the dose level prescribed to those volumes: for example, CTV54 will indicate a particular CTV receiving 54 Gy. Although there are differences across institutions, the most commonly prescribed doses are biologically equivalent to 70 Gy, 60 Gy, and 54 Gy at 2.0 Gy per fraction to the PTV encompassing all gross disease and suspicious nodes, the high-risk PTV, and the low-risk PTV, respectively. At our institutions, we prefer a simultaneous integrated boost with a dose-painting IMRT technique in which different dose levels are assigned to the various target volumes in a once-a-day regimen. The median prescribed dose is 70 Gy in 2.12 Gy daily fractions over 33 days to the PTV70, 59.4 Gy in 1.8 Gy daily fractions to the PTV59.4, and 54 Gy in 1.64 Gy daily fractions to the PTV54. 36 The dose and fractionation may also be influenced by the inclusion or exclusion of concurrent chemotherapy. With higher doses per fraction, the toxicity of concomitant treatment can increase. Conversely, low dose per fraction (such as 1.6 Gy/fraction) to the low-risk CTV without chemotherapy may be insufficient to control microscopic disease. [37] [38] [39] Another important point concerns the postoperative setting because of changes in tissue vascularization after surgery. Without concomitant chemotherapy, doses per fraction lower than 2 Gy should be used cautiously during postsurgical adjuvant radiation treatment. This means that a previous surgical approach may compromise the ability to simultaneously deliver different doses of radiation to different areas.
The head and neck surgeon's role in intensity-modulated radiotherapy planning
During treatment planning, the radiation oncologist uses dedicated planning software to outline the GTV, the CTV, and the adjacent normal structures section-bysection on the simulation scan. 5 Joint IMRT planning by the radiation oncologist, radiologist, and trained surgeons can improve target delineation and, by extension, tumor control.
The head and neck surgeon's role in gross tumor volume delineation
Despite numerous technical advances, the available imaging modalities have several potential pitfalls that may alter the interpretation of the gross disease's maximal dimension. These include general factors, such as the use of intravenous contrast agents and difficulties experienced when fusing images obtained using different imaging techniques, as well as modality specific factors (window and level settings in CT, the chosen method for segmenting positron emission tomography, etc.). 26, 40 Such complexities illustrate the necessity of a close collaboration among radiologists, medical physicists, nuclear medicine physicians, and radiation oncologists in order to achieve adequate GTV delineation.
Of even greater importance to our current discussion is the fact that there are many cases in which imaging modalities struggle to delineate disease and specialized physical exploration remains a fundamental step in complex GTV definition. Anterior commissure involvement, subglottic invasion, base of tongue extension, and submucosal spread are examples of macroscopic tumor involvement that are difficult to define with conventional imaging techniques. 41 In these situations, tumor palpation, mirror and fiber-optic examinations, or even microscopic or endoscopic exploration with the patient under general anesthesia may provide information fundamental to target delineation. 36 Other treatment circumstances also require head and neck surgeon input. For example, in the case of induction chemotherapy, the GTV should encompass the preinduction tumor volume and, therefore, the importance of the initial exploration is paramount, because the radiation oncologist must use this information to delineate the postinduction GTV. 5 Another complex setting is that of reirradiation. Here, mucosal exploration and multidisciplinary evaluation may be even more crucial because of difficulties in distinguishing between treatment-related changes and tumor recurrence. 42 These common scenarios underscore the importance of communication between the head and neck surgeon and the radiation oncologist; indeed, this dialogue is essential to GTV delineation.
The head and neck surgeon's role in clinical target volume delineation
Variation in the CTV delineation is the greatest geometrical uncertainty in the entire treatment process and an inadequate delineation can lead to marginal misses. In conventional 3-field radiotherapy, subclinical disease near the primary tumor was very often inevitably treated when targeting the GTV. In today's IMRT era with regular achievement of sharp dose gradients, structures not specified as targets during the planning procedure will not be adequately irradiated. For example, retropharyngeal lymph nodes in oropharyngeal cancer or the clivus in nasopharyngeal cancer will not receive a clinically meaningful dose with IMRT if they are not intended as targets. 43, 44 Therefore, adequate CTV contouring relies on the physician's knowledge of the patterns of subclinical tumor spread. In this context, the experience gained by surgeons through the complex treatment of head and neck cancers of varying subsites and histology must be shared with the radiation oncologist in order to achieve improved tumor control via better CTV definition.
Clinical target volume delineation in the radical treatment of the primary tumor
The natural history of head and neck cancer has driven classical surgical approaches to both the primary tumor and the neck for decades. Tumor site, size, stage, depth of invasion, grade of differentiation, perineural spread, or lymphovascular invasion all must be taken into account when planning surgery, because they effect the approach to the primary site as well as the need for and extent of a neck dissection. The predictability of the patterns of tumor progression justifies the use and explains the success of organ preserving and/or compartmental surgical approaches (for example, the commando operation or the supraglottic laryngectomy). 45, 46 Similarly, a meticulous consideration of the potential pathways of tumor spread (connective, muscular, lymphatic, and vascular) at the time of CTV delineation results in better clinical outcomes. For example, the primary CTV for tonsillar cancer must encompass the entire tonsillar fossa (from the pterygoid plate to the pharyngoepiglottic fold), the primary CTV for base of tongue tumors should include the preepiglottic space, and the high-risk CTV for nasopharyngeal carcinoma should include the clivus. 36 Furthermore, with IMRT, microscopic tumor spread can be pursued not only adjacent to the primary site and through the lymphatic channels to the neck nodes but also to other routes of dissemination (Figure 4 ). For instance, in tumors with a high risk of perineural spread, such as adenoid cystic carcinomas, the nerves at risk can be safely and effectively treated to the skull base. 47, 48 Clinical target volume delineation in the radical treatment of the neck At the time of CTV definition in the neck, the radiation oncologist using IMRT can perform elective, selective, and super-selective neck radiation, even using different doses depending on the risk of microscopic involvement, thereby mirroring the choices a surgeon makes with regard to neck dissections. If a comprehensive bilateral neck dissection were clinically indicated (for example, in the case of a T1N2a tumor of the palatine tonsil), then a bilateral neck irradiation plan with adequate dosing must be outlined. Treatment of levels Ia, IIb, V, and VI can be safely avoided in clinically N0 necks when indicated in order to decrease the sequelae of treatment (ie, the oral cavity or the parotid gland will receive lower doses of radiation if levels Ia or IIb are not included in the CTV, respectively). 36, 49, 50 However, the aforementioned levels must be included in the CTV when clinically indicated, as is also the case in neck dissections (ie, level Ia has to be treated in tumors of the floor of the mouth, level IIb in carcinomas of the oropharynx, or level V in nasopharyngeal carcinomas). 27, 51, 52 Neglecting to do so and proceeding with selective neck irradiation in such cases could result in regional recurrences. Lateral retropharyngeal lymph nodes are another important point of consideration with IMRT. In pharyngeal carcinomas managed with conventional 3D radiotherapy, these nodes are adequately covered while treating the primary tumor. With IMRT, they must be specifically included in the CTV to avoid underdosing and recurrence (see Figure 5 ). In situations where there is risk of retropharyngeal node metastases, bilateral retropharyngeal nodes should be treated stopping cranially at the level of C1 or at the base of the skull, depending on the risk. 36, 44, 50 Clinical target volume delineation in the postoperative setting
In the postoperative setting, CTV delineation at the tumor bed can pose an even greater challenge. If the possibility of delivering postsurgical IMRT is considered, it must be taken into account at the time of the preoperative surgical planning. Meticulous description of the surgical procedure will complement the preoperative and postoperative images and help the radiation oncologist define the remaining tissues at risk of involvement with microscopic tumor. In the case of nodal extracapsular spread or close or involved surgical margins at the primary site, the radiation oncologist can use higher doses in the treatment of the affected tumor bed. 5, 7, 53, 54 In large surgical fields that may use locoregional or free flaps for reconstruction, provision of details regarding the involved border to the radiation oncologist may allow for the sparing of a significant region either at the primary site or in the neck from unnecessarily high radiation doses. Therefore, good communication is essential between the head and neck surgeon and the radiation oncologist, especially given the subtleties that accompany surgical procedures. If postoperative radiation treatment is expected, a discussion in a multidisciplinary meeting must precede the surgical decision in order to reach a consensus regarding optimal treatment sequencing as well as the extent of the operation. Radiation oncologists should share their concerns with the treating surgeons and participate in the overall treatment plan from the outset. For example, in the case of a tumor with a high capacity of spreading via nerves, a preoperative MRI evaluating the existence of radiologic perineural spread as well as an intraoperative nerve biopsy may allow for a significant reduction of dose delivery to that nerve (ie, from 66 Gy to 54 Gy). 36, 48 The benefit of this reduction cannot be overstated when tracking a cranial nerve, such as one of the trigeminal branches in its course near vital neurovascular structures, such as the optic chiasm or the cavernous sinus. It is also important that the surgeon bear in mind the need for eventual adjuvant radiotherapy at the time of surgical planning. For example, radiotherapy after neck dissection should encompass larger volumes than in the definitive setting because of lymphatic disruption, thereby resulting in lack of sparing of the sternocleidomastoid and the potential for increased neck fibrosis. 55, 56 On the other hand, an incomplete surgery may require variable dose prescriptions to surgically treated and untreated tissues, resulting in difficulties for the radiation oncologist and medical physicist. As a hypothetical scenario, consider a T2N2b tonsillar cancer undergoing transoral robotic surgery for the primary and an excisional biopsy of a neck node. The radiation treatment will require an adjuvant dose to the pharynx but 2 different radical doses to the neck (for unresected and resected disease). This will necessitate 2 or 3 plans, creating areas at risk of underdosing and overdosing. 36 Finally, when planning the treating volumes and the prescribed doses in both the radical and postoperative settings, knowledge regarding the likelihood of success of salvage surgery may add helpful information to the target delineation process. For example, although a salvage neck dissection has a reasonable chance to rescue a neck recurrence, a second surgical procedure may not be feasible in the skull base. 57 When indicated this information can and must be factored in during radiation planning, in this situation potentially allowing a lower dose prescription to the uninvolved neck but not to the skull base.
CONCLUSIONS
IMRT is able to achieve a high rate of locoregional control with low morbidity under optimal target delineation, appropriate physical quality control, and accurate patient setup. IMRT is more sensitive to inaccuracies in target definition than conventional 3D radiotherapy. Therefore, inadequate delineation of the treatment volumes can easily lead to locoregional recurrences or unnecessary sequelae. In this setting, the head and neck surgeon can make valuable contributions to proper delineation of the target volumes. It is becoming increasingly important for the radiation oncologist and the head and neck surgeon to understand each other's fields. 
